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Vertical Magnetization Process in Sub-Micron
Permalloy Dots
N. Kikuchi, S. Okamoto, O. Kitakami, Y. Shimada, S. G. Kim, Y. Otani, and K. Fukamichi
Abstract—For a circular dot with the lateral size larger than
the exchange length ex(= 1 2 ), it is well known that
the stable remanent state is a vortex structure where the spins
around the center of the dot direct up- or down-ward. If only
these two states are allowed in the vortex structure, it is possible
to use it as a bi-stable memory element. In order to check this
possibility, we have investigated vertical magnetization process
of various sub-micron permalloy dots by PMOKE and MFM.
Polycrystalline circular dots with 180–4000 nm in diameter and
40–80 nm in height were fabricated using electron-lithography
and a lift-off technique. While PMOKE measurements show very
low remanence against vertical field, MFM detects distinct spin
vortex structures where spins around the dot centers direct up-
or down-ward. This result suggests a possibility of spin vortex
structures as bi-stable switching memory elements, although their
averaged remanence is quite small. From LLG calculations, it is
found that lateral dimension of the spin vortex coincides with the
exchange length ex = 1 2 15 nm regardless of the
dot diameter. Furthermore we have established a magnetic phase
diagram of permalloy dots as functions of dot diameter and height.
Index Terms—Bi-stable memory, exchange length, lithography,
permalloy dot, spin vortex.
I. INTORODUCTION
M AGNETISM of nanostructured elements has attractedmuch scientific interest and variety of potential tech-
nological applications have been purposed [1], [2]. One of
the applications is magnetic memory elements for ultra-high
density recording [3]. For this purpose, uniform bi-stable
switching characteristics are strongly required for memory
elements. In order to achieve bi-stable switching of elements,
uniaxial anisotropy has been introduced to constituent mag-
netic elements either by shape anisotropy [4] or by crystalline
anisotropy [5]. In general, however, accuracy of each element
shape is very limited due to insufficient spatial resolution of
the present nano-fabrication techniques, resulting in serious
distribution of switching field. In the case of polycrystalline
dots comprised of high uniaxial magnetic material, direc-
tional distribution of easy axis in each dot would broaden the
switching field distribution. In the present study, we focus on
spin-vortex structures in permalloy circular dots [6], [7], and
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Fig. 1. SEM images of 200 nm (a) and 1000 nm (b) diameter dots.
seek for their possibility as bi-stable switching elements by
investigating their vertical magnetization process.
II. EXPERIMENT
Arrays of circular dots were fabricated by means of
electron-lithography and a lift-off technique. Polycrystalline
permalloy (Ni Fe ) films of various thickness (40–80 nm)
were deposited by thermal evaporator on surface oxidized Si
substrates. The films were isotropic in the film plane with the
coercivity of a few oersted. In the present work we studied
circular dots 180–400 nm in diameter which are fabricated
in the area of m . Fig. 1 shows SEM images
of permalloy dot arrays of 200 nm and 1000 nm diameters
observed tilting the sample planes by 30 degrees. Note that all
dots have flat surfaces and very sharp edges. In these configura-
tions, dipolar interaction between the dots is negligible during
vertical magnetization process, as verified by our numerical
calculation. Magnetization curves were measured by Polar
Magneto-Optical Kerr Effect (PMOKE). The domain structures
of the dots were observed by MFM. The cantilevers are coated
with a CoCrPt alloy. All the MFM images presented in this
paper were obtained with tip-sample separation of 50 nm.
Numerical micromagnetics calculations were carried out based
on the Landau-Lifshitz-Gilbert equation.
III. RESULTS AND DISCUSSION
The MFM images of 4000, 1000, 500, and 200 nm circular
dots of 80 nm thickness are shown in Fig. 2. All these mag-
netic images were taken after application of strong vertical field
(15 kOe) which is opposite to the direction of tip magnetiza-
tion. Note that all the dots show very bright contrast around
the centers in addition to very weak spiral-shape-contrast, in-
dicating the existence of attractive force between the tip and
dot centers. These results lead us to believe that all the circular
dots shown in Fig. 2 take spin-vortex structures in remanent
states whose spins direct up- or down-ward at the dot centers
depending on vertical external field, as reported by Shinjo et al.
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Fig. 2. MFM images of Ni Fe dots after applied vertical field (15 kOe).
(a)d = 4000 nm (b)d = 1000 nm (c)d = 500 nm (d)d = 200 nm.
Fig. 3. Magnetization curves of NiFE dots. Filled circles are the results of
LLG micromagnetics simulation. ((a)d = 500 nm (b)d = 1000 nm). The 3D
figures indicatez-component of dot center at zero field. (i) and (ii) correspond
to the case that the field sign changed from plus to minus and from minus to
plus, respectively.
[8]. Solid lines in Figs. 3(a) and (b) show the vertical magne-
tization curves for 500 nm and 1000 nm circular dots of 80nm
thickness, respectively. Reflecting the demagnetizing effect of
circular dots, the vertical magnetization component increases in
proportion to external field, consistent with the numerical cal-
culations indicated by closed circles in Fig. 3. No remanence
is observed in the PMOKE measurements although very dis-
tinct spin vortex structures are found in the MFM images shown
in Fig. 2. The reason for this discrepancy is due to the fact
that the spin vortex size which is comparable to the exchange
length nm is much smaller than the
circular dots of 200–4000 nm examined in the present study.
Fig. 4. The magnetization reversal mode contour plots dot diameter(d) versus
dot heights(t) by micromagnetics simulation about NiFe dots.
Since PMOKE measurements detect averaged vertical magne-
tization over the entire dots, contribution of the spin vortices to
the total signal is quite small. In fact the micromagnetics cal-
culation gives nonzero but very small normalized remanence
of the order of – . Vertical component distribu-
tions of calculated spin structures in zero field are also shown in
Fig. 3. Permalloy circular dots can take only two possible spin
vortex structures with spin-up or spin-down state at the center,
depending on an applied field. It should be also stressed that
vortex diameter of nm almost agrees with the exchange
length . If some new and practical technologies are developed
to detect such extremely small spin information, spin vortices
would be a prosperous candidate for ultra-high-density bi-stable
switching memory elements.
As mentioned above, we have found that the permalloy cir-
cular dots of 180–400 nm in diameter and 40–80 nm in thickness
show obvious spin vortex structures. Our next concern is how
size and shape of a permalloy circular dot affect its spin struc-
ture. Because of experimental difficulty to check this problem,
we have carried out systematic numerical simulations based on
the Landau-Lifshitz-Gilbert equation. The system we use for the
calculation is a circular disk divided into tetrag-
onal cells. The material parameters of G,
erg/cc, and erg/cm are adopted, and the
easy axis of each cell is assumed to be random. Fig. 4 shows
the calculated magnetic phase diagram of permalloy circular
dots plotted against dot diameter and hight . The spin
structures can be categorized into 6 regions. In region, a cir-
cular dot is always single-domain and magnetization reversal
takes place via rotation in unison; : up- or down-single do-
main state, : single domain state with any magnetization di-
rection depending on external field, : in-plane single domain
state. In region , a dot can take multi-domain states; :
up- or down-single domain state, or multi-domain state con-
sisting of up- and down-domains, : up- or down-single do-
main state, or spin vortex state. In region, a dot takes the spin
vortex structure. Figures 5(a)–(c) show typical vertical magne-
tization curves for regions ( nm, nm),
( nm, nm), and ( nm,
nm). Fig. 5(d) is the magnified figure of circled area of
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Fig. 5. Three typical magnetization curves appeared in calculation. (a), (b),
and (c) correspond to regionsS1;M2, andV in Fig. 4, respectively. (d) is the
magnified figure of circled area in (c).
c). A dot region exhibits small magnetic hysteresis. The cal-
culation shows that this small hysteresis is caused by irreversible
switching of a stableup- ordown-magnetic vortex. Among these
six regions, bi-stable switching can be only achieved in regions
and . Since bi-stable switching in region is realized only
when dot diameter is less than the exchange length
nm, it is very difficult to fabricate such extremely small dot ar-
rays by present lithographic techniques. This problem can be
completely solved by utilizing Co/Pt superlattices as a dot ma-
terial [9]. In contrast to the region , spin vortex structures in
region enable us to realize bi-stable switching over a wider
size range.
IV. CONCLUSION
In order to seek a possibility of spin vortex structures as
bi-stable switching elements, we have studied vertical mag-
netization process of various sub-micron permalloy circular
dots with 180–4000 nm in diameter and 40–80 nm in height
by PMOKE and MFM. All these circular dots show distinct
spin vortex structures where spins around dot centers direct
either up- or down-ward. With the aid of LLG calculations,
it has been clarified that the spin vortices have the size of
the exchange length nm and behave
as bi-stable switching element against vertical external field.
This result suggests a possibility of spin vortex structures as
bi-stable switching memory elements. Furthermore we have
established a magnetic phase diagram of permalloy dots as
functions of dot diameter and height.
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